The performance of AlGaN/GaN High Electron Mobility (HEMT) transistors is directly related to the electrical characteristics of the two-dimensional electron gas formed at the interface thanks to the piezoelectric field. Modification of the Al content or thickness of the AlGaN layer can within a certain limit modify the carrier density and mobility in the 2DEG. However, further reduction of the sheet resistance requires strain engineering of the heterostructure. An effective way to reduce the sheet resistance, as well as to lower the threading dislocation (TD) density, is to perform strain engineering through the use of low temperature AlN interlayers inserted in the GaN buffer layer. From correlation of AFM, TEM and HRXRD mapping of the HEMT layers, the strain modification, as well as the mechanism reducing the TD density, can be explained by the highly defected nature of the AlN interlayer grown at low temperature, as well as its very small thickness. The LT AlN acts as a second nucleation layer for the GaN grown on top. Contrarily, when the AlN interlayer is grown at 1050°C, its high crystalline quality and the possibility to grow pseudomorphic and abrupt interfaces, allows its use at the AlGaN/GaN interface. Optimal combination of the AlGaN and AlN layer thickness leads to record values of the mobility at room temperature of 2050 cm 2 /Vs, for heterostructures grown on sapphire, which is approaching state-of-the-art for HEMT grown on SiC.
INTRODUCTION
Very promising for high power microwave systems, AlGaN/GaN HEMT devices offer always more interesting perspectives because of the very high power densities they can afford. An important figure of merit, from the material point of view, is the sheet resistivity of the twodimensional electron gas (2DEG) that is formed spontaneously at the AlGaN/GaN heterojunction itself. In other words, one aims at maximizing the product of the carrier density (n s ) and of the electron mobility in the 2DEG (µ). It is now known that both the piezoelectric and the spontaneous polarization fields are responsible for the apparition of the 2DEG [1] . By increasing the Al molar fraction in the top AlGaN layer, one can increase the carrier concentration in the 2DEG, and thus increase the n s µ product. For too high Al content or too thick AlGaN layers, the AlGaN top layer starts to relax, thereby reducing the carrier concentration in the 2DEG [2] . Cracking of the top AlGaN layer and alloy disorder scattering degrades the mobility values.
In order to improve the properties of the 2DEG and reduce cracking of the AlGaN surface, strain engineering of the heterostructure is necessary. Strain engineering by insertion of low temperature AlN interlayers in the GaN bulk layer, has been proposed by Amano [3] . We first present results obtained on AlGaN/GaN HEMT layers, including different numbers of AlN interlayers grown at low temperature. From HRXRD mapping, TEM and AFM measurements, we propose a mechanism responsible for reduction of threading dislocation density, as well as modification of the strain state in the structure, which correlate to the electrical performance of the 2DEG. This mechanism is related to the highly defected nature of low temperature AlN layers. On the contrary, when grown at high temperatures, AlN interlayers have a high crystalline quality. Insertion of a very thin AlN interlayer at the AlGaN/GaN interface has been shown to improve mobility in the 2DEG, by allowing better confinement of the carriers in the quantum well [4, 5] . We have obtained results on AlGaN/AlN/GaN HEMT layers, showing that again strain engineering is playing an important role in their electrical properties, as optimization of the layer thickness leads to drastic improvement of the sheet resistance values. Mobility values are now approaching those demonstrated on HEMT layers grown on SiC substrates.
EXPERIMENT
HEMT layers were grown by low pressure MOVPE on sapphire substrates, using TMGa and TMAl for the metal-organic sources and ammonia as a nitrogen source. After deposition of a thin GaN nucleation layer at low temperature, the AlGaN/GaN heterostructures are grown at 1050°C. Three different kinds of samples were produced: a) AlGaN/GaN HEMT reference structures, b) AlGaN/GaN HEMT samples containing low temperature (LT) AlN interlayers in the buffer GaN, c) AlGaN/AlN/GaN with a high temperature AlN interlayer at the heterointerface. For samples of type (b), different numbers (from zero up to three) of LT AlN interlayers have been inserted in the GaN buffer layer of some samples. The AlN interlayers are thinner than 10 nm; the separation between subsequent AlN layers is 240 nm. For all samples, the minimum distance between the last AlN interlayer and the AlGaN layer is larger than 1 µm. In order to avoid TMAl -NH 3 pre-reactions, the AlGaN top layer is deposited at a lower pressure. The top AlGaN layer is identical for all type (b) samples: 33% Al and 30 nm thick. For type (c) samples, with a thin AlN at the AlGaN/GaN interface, the growth temperature of the AlGaN, AlN and GaN is the same (1050°C). High-Resolution X-Ray Diffraction mapping was performed using a X'Pert Philips system. Hall measurements at room temperature in a Van-derPauw configuration, Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) measurements are also shown.
RESULTS AND DISCUSSION
The electrical data, as given by Hall measurements, for the samples with different numbers of LT AlN interlayers are reported in Table 1 . The sheet resistivity is greatly reduced by the presence of interlayers: from 700 Ω/sq in the reference sample to 500 Ω/sq for the samples with 1 and 3 interlayers and down to 340 Ω/sq in the sample with 2 interlayers.
Investigation of the samples by means of TEM shows that the LT AlN interlayers have a strong influence on the threading dislocation structure. Figure 1 shows a cross-section view of an AlGaN/GaN sample containing three LT AlN interlayers. The original dislocation structure consists of mainly edge and mixed type threading dislocations extending in a direction perpendicular to the sapphire/GaN interface. Pure screw TDs are rare. Each LT AlN interlayer stops all threading dislocations. The mechanism is probably an interaction with the large number of defects, present in this thin AlN layer, grown at low temperature. On top of the AlN interlayers, a new dislocation structure is built. Although it seems from Figure 2 Consequently, the TD density, determined from plan view TEM pictures, is reduced from 6.10 9 cm -2 , in the reference sample, to approximately 1.10 9 cm -2 , after only one interlayer. Interestingly, increasing the number of LT AlN interlayers does not reduce further the TD density. The bending of the TD alters the stress present in the GaN layers, which will be confirmed by HRXRD measurements. The other possibility to bend dislocations, via a 3D growth, is considered to be unlikely and is in contradiction with the flat subsequent AlN interlayers. Atomically sharp heterointerfaces are observed in all samples containing AlN interlayers. A highresolution image of the GaN/AlGaN interface of the sample containing two AlN interlayers is shown in Figure 2 . Contrarily, in the sample without AlN interlayers, the interface is not well defined, probably due to some roughness of the GaN top surface. High temperature AlN interlayer at the Y10.22.3 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm AlGaN/GaN interface can therefore be expected to be helpful. X-Ray reciprocal space mapping of heterostructures around an asymmetric reflection is a powerful tool to investigate the in-plane and out-of plane lattice constants, and thus to simultaneously determine the strain state as well as the exact alloy composition of the layers. Figure 3 depicts the HRXRD mapping of a sample grown with three LT AlN interlayers in the [105] direction. Previously, the sample has been aligned on the sapphire substrate, allowing correct determination of the strain in the GaN and AlGaN layers. Two different GaN related peaks are observed: one corresponds to the almost fully relaxed GaN buffer layer that is grown on the substrate; the other one is compressively strained and is attributed to the GaN layers grown on top of the AlN LT interlayers. The AlN interlayers decouple the two GaN layers from each other. On Si substrates, a similar effect of LT ALN interlayers has also been observed, although the strain relation between GaN and Si are rather different [6] . The GaN grown on top of AlN is thus compressive: ε xx =-0.34 %; ε zz =0.19%. The top AlGaN layer is grown pseudomorphically on the GaN layers grown on top of a LT AlN interlayer. As these layers are now grown on top of a compressively strained GaN layer, their strain state is altered to: ε xx =0.44%; ε zz =-0.23, allowing creation of the 2DEG at the heterointerface. The AlGaN top layer is then fully lattice matched on the GaN, no relaxation of the top layer is observed for this thick AlGaN layer with relatively high Al content, compared to the case without any LT interlayer. In that latter case, the AFM image, depicted in Figure 4 (a), shows that indeed the top AlGaN layer started to relax and is cracked. The relaxation of this top AlGaN surface reduces the carrier density, created by the piezoelectric field, and also negatively influences the mobility. In contrast, Figure 4 same high Al content and thickness of the AlGaN top layer: no cracks are observed in this case, but the usual structure of threading dislocation reaching the top surface. The roughness of the surface here now is 0.7 nm rms, i.e. the surface is nearly atomically flat.
To confirm the possible use of AlN containing heterostructures for HEMT devices, processing of the HEMT layer containing 2 LT AlN ILs has been performed. Ohmic contacts were obtained by a standard metallization (Ti/Al/Ni/Au) followed by rapid thermal annealing. The gate was formed with Ni/Au in an optical process. Figure 5 shows the dc measurements obtained on a device with gate length of 2 µm. The maximum current is 0.9 A/mm. The device is pinched off for a reverse gate bias voltage of -7 V.
The introduction of thin AlN interlayer grown at low temperature results in a significant reduction of the TD density in the 2DEG, but also allows strain engineering in the structure. The low growth temperature of the AlN interlayer is responsible for the highly defected structure, which blocks all threading dislocations. Growth on this second nucleation layer results in a compressively strained GaN layer grown on top of it. By bending and subsequent annihilation of the newly formed TD's, the total number of dislocations present in the 2 DEG is greatly reduced. This is in agreement with results reported by others (see e.g. [2, 3, 8] ). Quite contrarily, the growth of AlN at high temperature (1050°C) contrarily leads to highly crystalline layers with sharp interface. A thin AlN layer, grown at the same temperature as the GaN and the AlGaN, can thus be easily integrated at the heterointerface, leading to an AlGaN/AlN/GaN heterostructures. Such heterostructures have the advantage, over conventional AlGaN/GaN, that they allow a better confinement of the electrons in the 2DEG. Hereby the wave function is pushed out of the AlGaN layer and the effect of alloy scattering is reduced [5] . As for the case with low temperature AlN interlayers, the strain state of the heterostructure is modified. Optimal thickness of both the AlN and AlGaN layer play a crucial role in the final electrical properties of the 2DEG. For a given value of the AlGaN thickness, we have first determined an optimal value for the AlN thickness, based on Hall results. For an Al 0.27 Ga 0.73 N layer, 24 nm thick, the optimum AlN thickness was first determined to be less than 1 nm. The reference sample, without AlN spacer, gives a carrier concentration of 1.05 10 13 cm -2 , associated to a mobility of 950 cm 2 /Vs. For the sample with high temperature AlN interlayer, the carrier concentration is slightly reduced to 9.8 10 12 . However, the mobility increases to 1550 cm 2 /Vs. Reduction of the AlGaN top layer thickness to 18 nm, associated to an increased Al content (30%) introduces further drastic improvement of the mobility: the carrier concentration is now 1.01 10 13 cm -2 and is associated to a mobility value of 2050 cm 2 /Vs. Such record values of the mobility on GaN grown on a sapphire substrate are close to those grown on SiC, although the lattice mismatch is higher than Figure 5 : DC measurements on a HEMT containing 2 LT AlN interlayers for gate bias voltages ranging from 2 V to -6 V. The gate length is 2 µm and the device width is 50 µm.
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on this material. The influence of the AlGaN thickness on the electrical properties is most probably related to the strain existing in this layer. As shown in [7] , when the stress present in the top AlGaN layer is too high, it is partially transferred to the layers below, as one observes in AlGaN/GaN structures bending of TD below the interface. TEM measurements, which will be reported elsewhere, confirm that, in our case, both GaN/AlN and AlN/AlGaN interfaces are very flat and also that the thickness of both layers are very critical with respect to relaxation.
CONCLUSIONS
The introduction of AlN interlayers is an efficient way of engineering AlGaN/GaN HEMT heterostructures. When grown at low temperature in the buffer GaN, we have shown that they are an effective way of reducing the threading dislocation density and to modify the strain state in the top GaN layer. Thereby, the chance of relaxation of the AlGaN top layer is reduced. The underlying mechanism is evidenced by TEM, which shows bending of TD's due to the stress present in the GaN layer grown on top of the highly defective AlN layer. On the other hand, when AlN layers are grown at high temperature they are grown pseudomorphic on GaN and are of very high crystalline quality, which allows us to insert them at the AlGaN/GaN heterointerface. We have achieved a record mobility of 2050 cm 2 /Vs for a carrier concentration of 1 10 13 cm -2 , in a HEMT structure grown on sapphire. This is very close to values reported on SiC.
